Natural gas pipelines are critical component of U.S. energy infrastructure. The safety of these pipelines plays a key role in the gas industry. Therefore, understanding pipeline failure characteristics and consequences is a very important criterion in decisions making process associated with future design and maintenance of natural gas pipelines. The oil and gas industry spends billions of dollars annually for the corrosion-related issues due to aging and deterioration processes in pipeline networks. Therefore, pipeline operators need to constantly evaluate and update their corrosion prevention strategies. The loss due to corrosion failures is the main motivation for the oil and gas industry to develop accurate maintenance models based on failure frequency. Statistical pipeline failure models and proper maintenance decisions play a significant role in reducing the failure rates of the pipelines and ultimately enhance the cost effectiveness and safety of the pipelines. This paper fulfilled the following two objectives: (1) failure mode characteristics identification, and (2) model development to address the failure rate and reliability. The pipeline failure incident data used for this study was collected from eleven largest natural gas transmission pipeline operators' data from 2001 to 2011. The pipeline networks were divided into two major modes: internal and external corrosion. Internal corrosion refers to the failure inside the pipe due to the liquid characteristics and operating conditions whereas external corrosion refers to the failure due to surrounding environment outside the pipeline. Two major applied stochastic models, Homogeneous Poisson Process (HPP) and Non-Homogeneous Poisson Process (NHPP), were tested to analyze the reliability trend within categorized installation times. The outcome of the tests on the reliability models shows that the reliability should be modeled with NHPP and the trend is dominantly deteriorating for external and internal corrosion with a few exceptions on stationary and improving. It was also shown that decades of installation and the number of previous failures are the two significant pipeline failure characteristics. The result of this study assists decision-making process in the oil and gas industry to predict the expected number of failures in future transmission pipeline operation more accurately and facilitates the utilization of proper preventive maintenance strategies.
INTRODUCTION
Modern economies need energy to produce goods and services, support transportation and provide heating to communities. Pipelines are the key to an effective transportation and distribution of liquid and gas products.
Pipelines represent a dominant means of transporting gas from their upstream location to the downstream. While the oil and gas industry uses other transportation methods such as oil-gas tankers and tank trucks/railroad tank cars, pipelines are the preferred choice. There are two main reasons why pipelines are an important transportation method for oil and gas products. First, pipelines are capable of transporting large amounts of gas and liquid over long distances (Thompson, 2004) . Second, the pipelines' design enables them to carry oil and gas products quickly, safely, and cost-efficiently to end-use markets when compared to other forms of transportation (Mohitpour et al., 2010 ; U.S. Energy Information Administration, 2013; Mohitpour et al., 2007) .
Although pipeline systems are the most economical, the most efficient, and the safest way of transportation, there have been an increasing number of incidents in the pipeline industry. The failures of the pipeline system can lead to events such as: injuries, fatalities, environmental issues, product loss, and property damages (Thompson, 2004) . As a result of the increasing trends, the reliability of pipelines is a major concern of the operators. Therefore, pipeline operators are interested in understanding the failure characteristics of an individual pipeline asset and all the variables affecting the pipeline's performance (Baker Jr., 2008) .
Effective maintenance strategies are the most important part of the systematic approach to pipeline safety. These strategies are extremely important to avoid failures during operation. A number of policies have been established to improve system reliability and to prevent the occurrence of system failure, and to reduce maintenance costs. In this regard, the first step is to determine system reliability (Wang and Pham, 2006) . Failure modes can be determined using statistical prediction models. These prediction models help the operators to minimize or eliminate risks.
BACKGROUND

Causes of Pipeline Failures
The first fundamental step in managing the integrity of a natural gas pipeline systems is to understand failure modes of pipeline incidents. A list of possible pipeline incidents and the percentage of their occurrence are shown in Figure 1 . These threats have been grouped into 9 categories of related failure types based on their nature and growth characteristics. Engineers should correctly address these threats for risk assessment, integrity management, and mitigation activities. (American Society of Mechanical Engineers (ASME), 2010). 
Statistical Models to Predict Pipeline Failures
Modeling of the pipeline systems' failures is the next step in reliability analysis of pipeline networks (Røstum, 2000) . Reliability analysis is commonly used for describing the failure behavior of a system. Therefore, reliability plays a key role to improve system performance. A good prediction of the expected number of failures can be used in an economic analysis of repair versus replacement options.
As mention previously, pipeline systems are defined as repairable systems, which can be modeled with stochastic processes. Poisson distribution is one of the important processes used in the modeling of repairable systems (Rigdon and Basu, 2000) . Two types of stochastic point process are commonly used in modeling pipeline failures: the homogeneous Poisson process (HPP) and the nonhomogeneous Poisson process (NHPP).
The Homogeneous Poisson Process
The homogeneous Poisson process (HPP) is a Poisson process with an intensity function that is constant. The HPP is one of the simplest possible models for repairable system. However, it should be applied with caution because the HPP model cannot be used to model a system that deteriorate or improve over time. Therefore, only time-independent failures can be modeled by a homogeneous Poisson process (HPP) with constant failure rate (λ) (Rigdon and Basu, 2000) .
Basically, the failure rate of the pipeline system can be predicted with the following Equation (Caleyo et al., 2008) :
where N(T obs ) is the total number of failures in the observation time in observing pipeline system, T obs is the observation time (year), and L exposure is total length of the pipeline system (mile) that is observed.
The Non-Homogeneous Poisson Process (NHPP)
The minimal repair assumption leaded to the nonhomogeneous Poisson process (NHPP). The NHPP plays an important role for improvement of failure analysis techniques for repairable systems (Coetzee, 1997; Krivtsov, 2007) .
The nonhomogeneous Poisson process (NHPP) is a Poisson process with an intensity function that is non-constant (Rigdon and Basu, 2000 exception that the expected number of failures is the function of time (Moghaddam and Usher, 2011) . The NHPP can be used to model the systems that deteriorate or improve over time. Hence, the NHPP can be used to model the failure process of repairable systems (Rigdon and Basu, 2000; Krivtsov, 2007) .
Power Law Process
Power law model is considered to represent the NHPP. In fact, the NHPP is commonly referred as the power law process. Rigdon and Basu (2000) explain this situation as a special case of the NHPP. Also, the power law model is sometimes referred as a Weibull process, since the intensity function has the same functional form as the hazard function of the Weibull distribution (Røstum, 2000) .
The power law process is a model which the intensity function has the following form: ( ) =
, where β > 0 and θ > 0 (Rigdon and Basu, 2000; Caleyo et al., 2008) .
GOALS AND OBJECTIVES
This study focuses on significant failures of natural gas transmission pipelines that lead to adverse consequences. The objectives of this study are described as follow:
1. Characterize the failure modes of natural gas transmission pipeline systems in the United States. The characterizing process covers time-dependent failure modes which causes more significant consequences; 2. Develop the statistical models to estimate the failure rate of a natural gas pipeline network by the analysis of observed failure data, which come from the American natural gas pipeline operators.
METHODOLOGY
The next step of this study is to develop a mathematical representation of the pipeline system and its failures. Figure 2 shows a diagram of the research framework used for the reliability modeling and preventive maintenance strategies. The research framework involves five steps. First, the raw incident data is collected from Pipeline and Hazardous Materials Safety Administration (PHMSA) data sources. The data is then classified according to pipeline attributes such as diameter, installation year (service age), wall thickness, amount of property damage, cause of incidents, etc. Second, the failure intensity function is formulated based on whether the failure data fits the homogeneous Poisson process (HPP) or non-homogeneous Poisson process (NHPP) (power law process). Third, the HPP is tested against the power law process for corrosion failure modes. The null hypothesis is H0: β=1 versus H1: β≠1. Fourth, based on the null hypothesis results, a proper stochastic model is selected. If the system is suitable for NHPP, the power law parameters and their confidence intervals are estimated. If the HPP is suitable, the generic (constant) failure rate and the confidence intervals are evaluated. Fifth, the expected number of failures and the intensity functions of the failure are estimated for any time point and their confidence intervals are estimated with results of selected statistical models.
Figure 2. Research Methodology
DATA COLLECTION
The next step of this paper is to prepare data sets for the reliability modeling. Two major data sets were used in this paper. Data set 1 is utilized to get the total miles information for each operator, and data set 2 is utilized to analyze incidents data.
The database involves different type of pipelines information such as gathering, distribution, and transmission pipeline incidents and different category of incidents such as serious and significant. Within the scope of this study, only significant incident data are considered. A significant pipeline incident is identified by PHMSA when any of the following conditions occur (PHMSA, 2013d):
1. Fatality or injury requiring in-patient hospitalization, 2. $50,000 or more in total costs, measured in 1984 dollars, 3. Highly volatile liquid releases of 5 barrels or more or other liquid releases of 50 barrels or more, 4. Liquid releases resulting in an unintentional fire or explosion.
This database involves significant pipeline incidents information for onshore and offshore pipelines such as the pipeline operators information, failure causes, total dollar amount of property damages, installation year of line, maximum pressure and pressure on failure time, depth of cover, local date and time of failure, the pipe diameter, wall thinness of pipe, the pipe materials, coating information, CP information, release type, and fatally or injury information.
These incident data can be divided into subsections such as, failure characteristics and groups of pipes with the same decade of installation. Røstum (2000) implied that, each installation decade of pipeline has had different construction practices and with technologies that are no longer appropriate. Therefore, pipelines have different failure characteristics depending on installation decade.
DATA ANALYSIS
This section presents development of reliability models for the estimation of failure rate of pipeline networks. In the first subsection, reliability models are formulated for internal corrosion mode. In the second subsection, reliability models are formulated for external corrosion.
Reliability Models for Internal Corrosion
Based on the eleven largest natural gas pipeline operators' data from 2001 to 2011, 98 internal corrosion failures were recorded. These data represents incidents data from 2001 to 2011 and decades of installation from pre 1940 to 2011. As noted earlier, each pipeline has different failure characteristics by installation decade. Due to this reason, the 98 incidents were divided into sub-groups, which are 1950-1959, 1960-1969, 1970-1979, and 1980-1989 As noted earlier, the power law model is a feasible model for the estimation of expected number of corrosion failures. Although reliability improves with maintenance, corrosion continues to reduce pipeline reliability. Therefore, pipeline reliability links to a growing number of failures with pipeline's service time. Table 1 illustrates the results of the analysis. θ and β scale and shape parameters were calculated to produce the 95 percent confidence intervals for shape parameter β. According to the results in Table 1 , reliability of pipeline systems is deteriorating for internal corrosion failures for overall, 1960 overall, -1969 overall, , and 1970 overall, -1979 overall, . For 1950 overall, -1959 overall, and 1980 overall, -1989 the estimator β is less than 1; therefore, probability of failure will occur less frequent. Based on the results of Table 1 , the β estimator is not enough to determine if the system deteriorates or improves over time. Therefore, the failure trend can be modeled by an NHPP. Therefore, accuracy of the NHPP has to be tested.
Although the non-homogeneous Poisson process (NHPP) is selected to model pipeline systems, adequacy of the NHPP must be tested to verify the model. The null hypothesis is H 0 : β=1 or the HPP model is the best model for internal corrosion failures data with α=0.05. The alternative hypothesis is H 1 : β≠1 or the power law process is the best model for internal corrosion failures data with α=0.05. Table 2 Based on the results, the pipeline systems for internal corrosion failures can be modeled by the power law process for all data, 1960-1969, and 1970-1979. Otherwise, the HPP model is the best model for the decade of installation for 1950-1959 and 1980-1989 . The final expressions are given for the cumulative number of internal failures for each predetermined decade of installation are shown in Table 3 . 
Stationary
Reliability Models for External Corrosion
46 external corrosion failures were recorded based on the eleven largest natural gas transmission pipeline operators' data from 2001 to 2011.
As noted earlier, the power law model is a feasible model for corrosion failures. To show the relationship between reliability and failures, the cumulative number of failures caused by external corrosion was analyzed in MATLAB for predetermined time periods. Table 4 shows the results of the analysis. θ and β scale and shape parameters were calculated to produce the 95 percent confidence intervals for shape parameter. According to the results in Table 4 , the reliability of pipeline systems is deteriorating for external corrosion failures for overall, 1930 overall, -1939 overall, ,1940 overall, -1949 overall, , and 1950 overall, -1959 overall, . For 1920 overall, -1929 overall, and 1960 overall, -1969 the estimator β is less than 1; therefore, probability of failure will occur less frequently. Although the β estimator is an important variable on how the system deteriorates or improves over time, it is not enough itself.
Although the non-homogeneous Poisson process (NHPP) is selected to model pipeline systems, adequacy of the NHPP must be tested to verify the model. The null hypothesis is H 0 :β=1 or the HPP model is the best model for external corrosion failures data with α=0.05. The alternative hypothesis is H 1 : β≠1 or the power law process is the best model for external corrosion failures data with α=0.05. The results of the analysis are shown in Table 5 . According to the results, the null hypothesis is rejected for external corrosion with α=0.05 for the decade of installation all of data, 1940-1949, 1950-1959, and 1960-1969 . Based on the results, the pipeline systems for external corrosion failures can be modeled by the power law process for all data, 1940-1949, 1950-1959, and 1960-1969 . On the other hand, the HPP model is the best model for the decade of installation for 1920-1929 and 1930-1939 . The average failure rates were calculated for 1920-1929 and 1930-1939 . Table 6 shows the final expressions for the cumulative number of failures for each predetermined decade of installation for external corrosion. 
